A Raman shifter is optimized for generating high-energy laser pulses at a 1.54 m wavelength. A forward-scattering design is described, including details of the multiple pass and nonfocused optical design, Stokes injection seeding, and internal gas recirculation. First-Stokes conversion efficiencies up to 43%-equivalent to 62% photon conversion efficiency-were measured. Experimental results show output average power in excess of 17.5 W, pulse energies of 350 mJ at 50 Hz, with good beam quality ͑M 2 Ͻ 6͒. Narrow bandwidth and tunable output is produced when pumping with a single longitudinal mode Nd:YAG laser and seeding the process with a Stokes wavelength narrowband laser diode.
Introduction
Stimulated Raman scattering (SRS) in methane is a well-known and popular method for generating laser radiation at a 1.5 m wavelength. The ability to produce high-energy pulses in a region of the spectrum that offers maximum eye safety 1 -as shown in Fig. 1 -is particularly attractive for applications such as lidar. [2] [3] [4] [5] Unfortunately, traditional Raman shifting to convert 1 m pump radiation to 1.5 m has required frequent optics cleaning, provided poor beam quality, and has limited pulse repetition frequency (PRF). As a result of these problems, the technique is understandably dismissed by many searching for a reliable lidar transmitter at this wavelength. 6 In this paper, we present results that demonstrate that it is possible to overcome these problems and offer new hope for the use of Raman shifters in advanced lidar applications in this wavelength region.
Briefly described, Raman scattering occurs when a photon is inelastically scattered from a molecule leaving both the molecule in an excited state and the photon wavelength shifted. If the intensity of the incident beam is very high, the initially scattered photons can further enhance the process and lead to stimulated Raman scattering. In this nonlinear optical process, the Stokes field is amplified with energy transferred from the pump laser when the frequency difference between the two coherent fields match the frequency of the Raman active medium.
Design Considerations
Historically, for efficient stimulated Raman scattering in methane, high-energy lasers were tightly focused inside pressurized cells. 7 The high-energy density from these focused-geometry cells often led to laser-induced breakdown, which was shown to be a factor limiting the conversion efficiency and the quality of the Stokes beams. 8 Furthermore optical breakdown of methane led to soot deposits, potentially damaging the Raman cell optics, and required frequent cleaning. 5, 9, 10 Experiments have shown H 2 :CH 4 mixtures have higher photochemical stability when compared with pure methane; 11 however, soot formation can be most effectively eliminated by reducing the energy density of the pump beam. [12] [13] [14] Efficient SRS conversion with reduced pump intensity is possible by increasing the interaction length with a folded cell geometry. 12, 13 This approach greatly improves the reliability of CH 4 Raman shifters, making them suitable for long-term operation. Additionally, the reduced pump intensity of multipass geometries has been shown to suppress processes such as higherorder Stokes, anti-Stokes, and backward Stokes. 15 And, since the transit time of the pump through the cell is configured to be greater than the temporal width of the pump, the growth of backward Stokes is greatly reduced. 16 An additional past problem in high-energy methane Raman cells included damage to optical coatings of the cell windows and internal optics. The inner faces of the antireflection coated cell windows were often etched at the exact location of the laser spot. This effect has been attributed to the laser-induced generation of reactive radicals. A simple solution to this problem is to use cell windows with no coatings. Another approach, and perhaps more elegant with higher throughput, utilizes uncoated windows at the Brewster angle. Similarly, the high-reflection (HR) coatings of internal cell mirrors used to fold the beam path were vulnerable to damage. Hot spots in the pump beam, flaws in the HR coatings, or particles on the mirror surface could cause sudden failure of the mirror during operation. To avoid this problem, the mirrors were replaced with prisms to reverse and translate the beam by total internal reflection. The prisms are designed so that the beam enters and exits at the Brewster angle-therefore eliminating the need for an antireflecting coating. The absence of all optical coatings dramatically increases the durability of the Raman shifter. The prism and window substrate material-Infrasil-was selected for its low dispersion properties. This design feature is required in order to keep the pump and Stokes beam overlapped throughout the entire interaction length. The glass also has negligible absorption at 1.5 m due to low OH content. The cell windows are 50 mm in diameter by 12.5 mm thick.
The Raman cell with the design features described herein performs its wavelength conversion function most efficiently when the pump beam is linearly polarized. Due to the Brewster angle interface of all the optics, the cell is essentially lossless for P polarization. Whereas, the total transmission for S polarization is 20.5% (12 surfaces with the transmission at each surface of 87.6%). Also, the polarization is preserved for the first Stokes shift in CH 4 because of the symmetry of the v 1 vibration (symmetrical stretch). As a result, this Raman cell design is useful for generating high polarization purity output of the Stokes radiation. This is a desirable characteristic for use in the polarization lidar technique. 17, 18 The limitation of higher PRF with methane Raman shifters is due to a local heating effect. During the conversion process, energy is deposited in the gas in the form of vibrational excitation equivalent to the difference in energy between the converted pump photons and Stokes photons. The vibrationally excited molecules quickly convert this energy to heat resulting in temperature fluctuations in the gas. This leads to distortions in the optical beams since the index of refraction of the gas is a function of temperature. In the absence of mechanical or convective mixing, the speed at which the distortions dissipate is inversely related to the thermal conductivity of the gas. The lower thermal conductivity of CH 4 compared with H 2 and D 2 limits the maximum repetition rate of the pump laser beam. 11 It has been shown that without gas circulation, there is considerable optical distortion in the beam path, which degrades Raman conversion efficiency. 9 The cell characterized herein employs a simple yet effective method to circulate the methane. Internal circulation is provided by an array of low-cost axial fans. The cell mechanical design includes internal shrouding and flow straighteners to minimize index changes from turbulence. Furthermore, the flow is transverse to the beam plane to minimize the distance the heated gas must travel before the next laser pulse arrives. Figure 2 shows a semitransparent solid model of the cell. It is approximately 80 cm long by 20 cm in diameter and weighs 30 kg.
Without an external seed, the Stokes field is initiated by spontaneously emitted photons. This stochastic process causes the energy and spatial characteristics of the output beam to fluctuate. Seeding of Raman amplifiers has been shown to stabilize the Stokes output. 19 Previously, we performed tests with a broadband Nd:YAG pump laser while seeding with a cw, narrowband, distributed feedback (DFB) laser at the first Stokes frequency. These experiments resulted in improved conversion efficiency, especially at lower gas pressures. 13, 20 This paper describes additional experiments using both broadband and narrowband Nd:YAG pump lasers with a similar Stokes seeding technique.
Experimental Results

A. Optimization of Stokes Conversion Efficiency and Beam Quality at 10 Hz
The first experimental arrangement used a pump beam from a 10 Hz Q-switched Nd:YAG laser (Continuum Surelite III) at 1064 nm with a pulse width of 6 ns. An optical isolator was used to protect the laser from backscattered light. Following the isolator, the pump beam was linearly polarized resulting in approximately 615 mJ per pulse. The experimental layout is shown in Fig. 3 . The first-Stokes SRS process was seeded with a cw diode laser (ThorLabs WDM8-C-33A-20-NM) with a specified center wavelength stability of better than 0.002 nm per 24 h. The Stokes seed beam was matched to the pump laser input diameter and overlapped in space as well as wavelength matched to the Stokes centerline. The Stokes output from the Raman cell was separated from the residual pump and any four-wave mixing (FWM) using a combination of a dichroic mirror and high dispersion Pellin Broca prism.
The pump beam diameter of 9 mm was reduced with a lens set to increase the energy density of the beam prior to entering the Raman shifter. A range of lens sets was explored to determine the influence of different pump beam geometries (i.e., slight convergence, divergence, and entrance beam diameter) on the SRS conversion efficiency. It was found that roughly matching the fluence at the input and output of the cell produced the highest conversion efficiency. As the pump beam was heavily depleted at greater distances through the cell, this required a slightly converging beam to maintain the same fluence throughout the cell. The optimal fluence was estimated at approximately 1.7 J͞cm 2 , assuming a Gaussian intensity profile. The true profile and variations (e.g., hot spots) were not accounted for in this estimate. The optimal lens arrangement placed the theoretical pump beam-waist radius ͑1 mm͒ approximately 2 m beyond the exit of the cell (note: the path inside the cell is approximately 3 m). Initial measurements of the beam quality showed the Stokes output to have an M 2 of 15. The pump beam was somewhat oval in shape in the far field (a result of the particular pump laser), so a 5 m focal length cylindrical lens was added to make the beam shape more circular. This produced Stokes output with an M 2 of 11, while achieving conversion efficiencies of up to 37% at pressures from 8.2 to 13 atm. The quantum or photon conversion efficiency in this case would be 54% since one 1064 nm photon is annihilated to create another at 1543 nm.
To further improve the Stokes beam quality, argon gas was mixed with methane as a buffer gas. The buffer gas increases the wave-vector mismatch thereby decreasing the FWM efficiency. 11, 21 At active gas pressures of 6 -7 atm and buffer gas pressures of 5-6 atm, the Stokes beam quality was measured at an M 2 of 7. At these reduced pressures, there was a slight ͑ϳ5%͒ reduction in conversion efficiency from the peak. However, there was a strong dependence on Stokes seeding to maintain conversion efficiency and suppress FWM. When the Stokes seed was blocked, the pump beam fluence increased-due to reduced conversion efficiency-which damaged optical components of the cell and subsequent optics. As a compromise of reliability, beam quality, and conversion efficiency, a mixture of 9.5 and 4.1 atm partial pressures of CH 4 and Ar, respectively, was selected. This mixture produced a Stokes conversion efficiency of 35% with an M 2 of 9. Following these optimization tests, the Raman shifter was installed as part of an eye-safe lidar system for a field operation over a 4 week period. The cell, pumped with the Nd:YAG laser described above was operated for over 100 h. At the end of the experiment, the optics were carefully examined and showed no trace of contamination or damage. Furthermore, the Raman shifter was able to maintain the stringent pointing stability requirements ͑Ͻ100 rad͒ of the lidar instrumentation throughout the entire project without realignment. 18 More recently, the reliability of the design has been demonstrated in a system with an identical Raman shifter for a specific application. 22 The device has demonstrated reliable operation for Ͼ7 months.
B. Conversion Efficiency and Beam Quality at Higher Pulse Repetition Frequency Using a Narrowband Nd:YAG Pump
In the next phase of the experiment, the pump laser was replaced with a 50 Hz Q-switched Nd:YAG laser (Continuum Powerlite 9050) with a pulse width of 9 ns. The laser is injection seeded with a single frequency fiber laser module with thermal wavelength tuning for single-longitudinal-mode operation. Following the isolator, the pump beam was linearly polarized with ϳ905 mJ per pulse.
Stokes conversion efficiencies and beam quality were measured pumping the cell at PRFs ranging from 10 to 50 Hz. Stokes pulse energies of up to 390 mJ͞pulse were measured with a 6 ns duration. Conversion efficiencies of 43% to 38% were measured from 10 to 50 Hz, respectively. The beam quality, M 2 parameter, was less than 6 at all PRFs. The results are shown in Fig. 4 . As a note, the pump beam convergence was increased at higher repetition rates to maintain high conversion efficiencies. This was likely required due to increased thermal lensing at the higher pulse rates and may be responsible for the slight improvement in beam quality. For all PRFs, the beam convergence was set just below the threshold where backward SRS was detectable with an IRsensitive card at the dichroic mirror where the Stokes seed and pump beam are overlapped.
C. Stokes Linewidth Using a Narrowband Pump Laser
A Fizeau interferometer-based wavelength and linewidth meter (High Finesse WS-7 IR) were used to measure the spectral properties of the laser outputs. As shown in the experimental layout, Fig. 3 , a small fraction of the Stokes beam was reflected off an uncoated wedged window and focused onto a single-mode fiber, which was connected to the interferometer. The wavelengths of the fiber-coupled Nd:YAG pump seed and Stokes seed were monitored using fibers with a 1% tap fed into the Fizeau interferometer via an optical fiber switcher.
For a pump wavelength of 1064 nm, the FWHM Raman linewidth, ⌬ S , in methane can be calculated according to the following empirical formula given in Ref. 23 :
where p is the methane pressure in atmospheres. Equation (1) predicts a Raman linewidth of 12.7 GHz at a pressure of 10.2 atm. However, as discussed in the literature, 24, 25 when the laser bandwidth is much smaller than the Raman linewidth, and when the gain is high, line narrowing occurs by amplifying the center part of the Stokes line more strongly than the wings. The gain narrowed Stokes linewidth is given by 26 (2) where E i and E f are the initial and final Stokes energy. Assuming an initial Stokes energy equal to one spontaneously emitted photon ͑E i ϭ hc͞ S ͒, and the final Stokes energy of ϳ300 mJ, Eq. (2) predicts a gain narrowed linewidth of approximately 1.6 GHz FWHM. Without Stokes seeding, the output Stokes beam was measured to have a bandwidth of approximately 1.3 GHz ͑10.0 pm͒, which is in reasonable agreement with the expected gain-narrowed linewidth.
The Raman linewidth is important when generating SRS from spontaneous emission. However, when seeding the process, the output linewidth is determined by a combination of the pump and the Stokes seed linewidth. In this case, the Stokes seed is a narrow diode with a bandwidth of Ͻ10 MHz, so the pump will dominate the bandwidth. Therefore, assuming efficient seeding, we expect the SRS output linewidth to be similar to the pump bandwidth. With ϳ5 mW of Stokes seeding at 1543.817 nm and pumping at 1064.500 nm, the Stokes linewidth was measured with the Fizeau interferometer to be 210 Ϯ 34 MHz ͑1.67 Ϯ 0.27 pm͒ with a center wavelength 1543.807 nm. This value is in reasonable agreement with the expected Stokes seed narrowed linewidth since the pump laser has an ϳ100 MHz bandwidth.
To further investigate the Stokes linewidth and demonstrate limited wavelength agility, the output of the Raman cell was tuned across a molecular absorption feature. To change the wavelength of the SRS output, the Stokes seed wavelength was adjusted in 1 pm increments via computer control. Due to the slow response time of the thermal wavelength tuning of the pump fiber laser seed module, it was adjusted to maintain resonance with the methane-with a center Raman shift of 2916.58 cm
Ϫ1
-in 5-10 pm steps during the scan. All three center wavelengths, Stokes seed, pump seed, and Stokes output, were monitored in real time via the optical switch into the Fizeau interferometer. Figure 5 shows these three signals measured over a 30 min time span.
As shown in the experimental setup, Fig. 3 , a small fraction of the Stokes output beam was passed through a pair of 10 cm length absorption cells containing 5 Torr of H 12 CN each (Wavelength References model: HCN-12-T-5). The experiment targeted the 2 3 rotational-vibrational band, specifically the P(13) line, which has a center wavelength of 1543.709 nm. The transmission of Stokes output at each wavelength step is shown in Fig. 6 as open circles-each point represents a 30 s average. The result was fit with a Voigt function, which has a measured linewidth of 930 MHz. This function is a convolution of the absorption feature and the Stokes output linewidth. To measure the absorption feature with minimal influence of a laser bandwidth, the narrowband cw DFB Stokes seed laser was tuned over the absorption feature. This reference curve is shown in Fig. 6 as a solid gray line. The linewidth of the feature was measured to be ϳ770 MHz FWHM. This value is in general agreement with theory, assuming the feature has a broadening coefficient of approximately 80 MHz͞Torr 27 and room temperature Doppler broadening of ϳ460 MHz. To estimate the linewidth of the pulsed Stokes output, the convolution of the cw DFB Voigt fit with a Lorentz function (representing the laser line shape) was calculated and the Lorentzian width adjusted to match the pulsed SRS output Voigt fit. By this method, the linewidth of the Stokes output is estimated to be approximately 164 MHz. This inferred value is in close agreement with that measured by the interferometer.
Conclusions
This paper describes the optimization and characterization of a Raman shifter designed for high-energy laser pulse applications. Field operation of the device over extended periods of time proves the traditional problem of breakdown and sooting, and optical coating degradation has been addressed. Laboratory results using a narrowband pump show that conversion efficiencies of ϳ40% are obtained with good beam quality at PRFs up to 50 Hz. We intend to use these features to build more efficient and reliable eye-safe lidar systems with longer range and faster scanning capability.
In addition to improved conversion efficiency and reliability, it was shown that the Stokes pulses have narrow linewidth with limited tunability. If the Stokes line center is stabilized, these spectral features are potentially significant for advanced lidar applications. For example, by using different gases and or pump wavelengths, 28 it may be possible to perform differential absorption lidar 29, 30 (DIAL) for important atmospheric species such as water vapor. Furthermore, by constructing a long path-length notch filter using HCN in a receiver, it would be possible to separate molecular from aerosol backscatter. Although molecular backscattering is weak at this wavelength, approximately 
10
Ϫ8 m Ϫ1 sr
Ϫ1
, we estimate there is sufficient signal with a high pulse energy lidar for calibration out to several kilometers. This technique, known as high spectral resolution lidar 31 (HSRL), allows one to remotely measure aerosol properties such as optical depth and backscatter coefficients. We are in the process of evaluating the possibility of applying the HSRL technique at this wavelength region for scanning lidar applications.
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